A novel actinobacterial strain, YIM ART06
A novel actinobacterial strain, YIM ART06
T , was isolated from a rock sample of karst cave located at Guizhou province, south-west China, and was characterized by a polyphasic taxonomic approach. The morphological and chemotaxonomic properties of strain YIM ART06
T were in accordance with those of the genus Stackebrandtia. The 16S rRNA gene sequence of strain YIM ART06 T showed highest similarity to Stackebrandtia nassauensis JCM 14905 T (98.0 %). The DNA-DNA hybridization value between strains YIM ART06 T and S. nassauensis JCM 14905 T was, however, moderately high (62.9 %) but below the 70 % limit for species identification. Strain YIM ART06 T contained meso-diaminopimelic acid as the diagnostic diamino acid, and mannose, ribose and xylose in the whole-cell hydrolysates. The predominant menaquinones detected were MK-10(H 4 ), MK-10(H 6 ), ) and ), while the cell membrane polar lipids were diphosphatidylglycerol, phosphatidylethanolamine, phosphatidylglycerol, phosphatidylmethylethanolamine and three unidentified phospholipids. The genomic DNA G+C content of strain YIM ART06 T was 71 mol%. The major fatty acids were anteiso-C 17 : 0 , iso-C 17 : 0 , iso-C 16 : 0 and iso-C 15 : 0 . Based on the taxonomic characteristics from the genotypic and phenotypic results, strain YIM ART06 T merits recognition as a representative of a novel species of the genus Stackebrandtia, for which the name Stackebrandtia cavernae sp. nov. is proposed. The type strain is YIM ART06 The family Glycomycetaceae was first proposed by Stackebrandt et al. (1997) and the description was later emended by Labeda & Kroppenstedt (2005) . Currently, the family Glycomycetaceae contains three recognized genera, Glycomyces (Labeda et al., 1985; Labeda & Kroppenstedt, 2004) , Haloglycomyces (Guan et al., 2009) and Stackebrandtia (Labeda & Kroppenstedt, 2005) . Members of the genus Stackebrandtia are Gram-positive, strictly aerobic and filamentous. The growth temperature ranges between 15 and 40 8C. They contain meso-diaminopimelic acid (meso-DAP) in the cell-wall peptidoglycan, MK-10 (H 4 ), MK-10(H 6 ), MK-11(H 4 ) and MK-11(H 6 ) as the major menaquinones, and phosphatidylethanolamine (PE), phosphatidylmethylethanolamine (PME) and phosphatedylglycerol (PG) as the predominant polar lipids (Xiong et al., 2015) . The cell-membrane fatty acids are mainly iso-and anteiso-branched compounds. The G+C content of the genomic DNA ranges between 68 and 73 mol% (Munk et al., 2009; Wang et al., 2009) . At the time of writing, the genus comprises three species with validly published names, Stackebrandtia nassauensis (Labeda & Kroppenstedt, 2005) , Stackebrandtia albiflava and the recently described Stackebrandtia endophytica (Xiong et al., 2015) . The first two species were isolated from soil while the third was an endophyte from Tripterygium wilfordii. The present study deals with the characterization of another novel species of the genus Stackebrandtia isolated from a dissoluble rock sample.
The sample used for the current study was collected from palisades of a karst cave located in Guizhou Province, south-west China, during autumn 2014. The sampling site was a dark environment with ambient air and temperature conditions. Strain YIM ART06 T was isolated on Reasoner's 2A agar (R2A agar; Reasoner & Geldreich, 1985) . Two grams of the sample was suspended in 20 ml sterile water and kept in an orbital shaker at 170 r.p.m. for 30 min. The suspension was diluted to 10 23 and 0.1 ml of the diluted sample was spread on R2A agar supplemented with 0.1 % CaCO 3 and incubated at 28 8C for 2 weeks. The isolates obtained were subcultured in the same medium to obtain pure cultures. Strain YIM ART06
T was isolated as a white colony and preserved as glycerol suspensions (20 %, v/v) at 280 8C.
Cultural characteristics of strain YIM ART06
T were tested on yeast extract-malt extract agar (ISP2), oatmeal agar (ISP3), inorganic salts-starch agar (ISP4), glycerol-asparagine agar (ISP5) (Shirling & Gottlieb, 1966) , trypticase soy agar (TSA), nutrient agar (NA) (Waksman, 1967 ), Gause's synthetic agar (Atlas, 1997) , T5 medium (Thomas et al., 1974) and R2A agar after 21 days. Colour of the colonies was determined using the Inter-Society Colour Council -National Bureau of Standards (ISCC-NBS) colour chart (Kelly, 1964) . The morphological characteristics of strain YIM ART06 T were observed by light microscopy (Philips XL30) and scanning electron microscopy (ESEM-TMP; Philips) after 21 days of growth on R2A agar at 28 8C. Anaerobic growth was checked in a Whitley A35 anaerobic workstation containing a CO 2 , N 2 and H 2 gas mixture. Growth at different temperatures (4, 10, 15, 20, 25, 30, 35, 40, 45, 50, 55 and 60 8C) and NaCl concentrations (0, 0.5, 1, 1.5, 2, 2.5, 3, 3.5, 4, 5, 6, 7, 8, 9 and 10 %, w/v) was examined on R2A agar by incubating the culture for 21 days. The pH range (4.0-13.0, at intervals of 1.0 pH unit prepared using the buffer system described by Xu et al., 2005) for growth was tested in R2A broth. The utilization of various carbon and nitrogen sources was tested using the basal medium as described by Shirling & Gottlieb (1966) and Locci (1989) , and by Williams et al. (1989) , respectively. Catalase activity was detected by assessing bubble production in 3 % (v/v) H 2 O 2 . Oxidase activity, milk peptonization and coagulation, nitrate reduction, urease activity, H 2 S production, and hydrolysis of starch, cellulose, gelatin and Tweens (20, 40, 60 and 80) were performed as described by Kovacs (1956) , Gonzalez et al. (1978) and MacFaddin (2000) .
For chemotaxonomic studies, the biomass of strain YIM ART06
T was harvested from cultures grown in R2A broth (28 8C, 4 days, 200 r.p.m.). The isomer of amino acids in the whole-cell hydrolysates was determined according to Hasegawa et al. (1983) and Staneck & Roberts (1974) and the sugars as described by Tang et al. (2009) . Polar lipids were extracted as described by Minnikin et al. (1979) and identified by two-dimensional TLC (Collins & Jones, 1980; Embley & Wait, 1994) . Menaquinones were isolated (Collins et al., 1977) and analysed using HPLC (Kroppenstedt, 1982) . Biomass for fatty acid analysis was obtained from cells grown in trypticase soy broth (TSB) at 28 8C for 4 days. The methylated cellular fatty acids prepared according to Sasser (1990) were then analysed by GC using the Microbial Identification System (Sherlock Version 6.1; MIDI database: TSBA6). The G+C content of the genomic DNA for YIM ART06 T was determined by reversed-phase HPLC (Mesbah et al., 1989) using S. nassauensis JCM 14905
T as the reference strain.
Genomic DNA isolation and PCR amplification of the 16S rRNA gene were performed as described by Li et al. (2007) and Cui et al. (2001) , and the amplified PCR products were purified, cloned in pEASY-T 1 Simple Cloning kit vectors (TransGen Biotech) and sent for sequencing. The resulting sequence was submitted to the EzTaxon-e server database (http://eztaxon-e.ezbiocloud.net/; Kim et al., 2012) to obtain 16S rRNA gene sequences of closely related recognized species. Multiple alignments were then performed using CLUSTAL X version 1.8 (Thompson et al., 1997) . Three algorithms, neighbour-joining (Saitou & Nei, 1987) , maximum-likelihood (Felsenstein, 1981) and maximum-parsimony (Fitch, 1971; Rzhetsky & Nei, 1992) , were used to reconstruct the phylogenetic tree of strain YIM ACT06 T using the software package MEGA version 5.05 (Tamura et al., 2011) . Phytomonospora endophytica YIM 65646 T (GU367156) was used as the outgroup. Kimura's two-parameter model was used to calculate evolutionary distance matrices of the phylogenetic trees (Kimura, 1980) . The stability of relationships was assessed by performing bootstrap analyses with 1000 resamplings (Felsenstein, 1985) . DNA-DNA hybridization was determined according to the fluorometric micro-well method (Ezaki et al., 1989; He et al., 2005) .
Cells of strain YIM ART06
T were Gram-stain-positive, strictly aerobic and non-motile. The strain grew well on R2A agar, ISP2, ISP3, ISP5, T5, NA and Czapek's agar, but weakly on Gause's synthetic agar, TSA and ISP4. Strain YIM ART06 T formed yellow-white substrate mycelium on ISP2, ISP4, ISP5, TSA, T5 and NA, but white colonies on R2A agar, ISP3, Czapek's agar and Gause's synthetic agar. Substrate mycelia were extensively branched and non-fragmenting. White aerial mycelia were observed on R2A agar, T5, ISP3, ISP5, Czapek's and Gause's synthetic agar (Table S1 , available in the online Supplementary Material). The strain formed a light yellowish brown diffusible pigment on ISP5 after 35 days. As reported for other members of the genus, no spore-bearing structure was observed (Fig. S1 ). Strain YIM ART06
T was found to grow at a temperature range of 15-35 8C (with optimum growth at 28-30 8C), at pH range of 6.0-9.0 (optimum at pH 7.0-8.0) and in the presence of up to 4 % (w/v) NaCl. The strain was positive for nitrate reduction and catalase tests, but negative for oxidase, urease, milk peptonization, gelatin liquefaction and H 2 S production tests. The strain was able to hydrolyse Tween 80, but not cellulose, starch or Tweens 20, 40 and 60. Strain YIM ART06 T utilized L(+)-arabinose, dulcitol, a-lactose, maltose, mannitol, raffinose, starch, sucrose and xylitol as sole carbon sources, and alanine, DL-a-aminopropionic T are summarized in the species description below while characteristics differentiating it from related type strains are listed in Table 1 .
The cell wall of strain YIM ART06
T contained meso-DAP as the diagnostic diamino acid in the peptidoglycan, while the whole-cell sugars were mannose, ribose and xylose. The polar lipids detected for strain YIM ART06
T were diphosphatidylglycerol (DPG), PE, PG, PME, two unidentified aminophospholipids, two unidentified polar lipids and two unidentified phospholipids (Fig. S2) . The respiratory menaquinones were MK-10(H 4 ), MK-10(H 6 ), MK-11(H 4 ) and MK-11(H 6 ). The fatty acids (.5.0 %) of strain YIM ART06
T were dominated by anteiso-C 17 : 0 (41.7 %), iso-C 17 : 0 (14.4 %), iso-C 16 : 0 (8.2 %) and iso-C 15 : 0 (7.2 %). The methylated fatty acid profiles of strain YIM ART06 T and S. nassauensis JCM 14905 T are given in Table 2 . The strains were consistent in the composition of the fatty acids but differed in the proportions. The DNA G+C content of strain YIM ART06
T was 71.0 mol%.
The almost-complete 16S rRNA gene sequence of strain YIM ART06 T (1537 bp; NCBI accession number KT312956) showed highest similarity with members of the genus T to the genus Stackebrandtia was also indicated by the neighbour-joining phylogenetic tree (Fig. 1) where strain YIM ART06
T formed a coherent cluster with S. nassauensis JCM 14905 T , S. albiflava YIM 45751 T and S. endophytica YIM 64602 T . The topology of the neighbourjoining tree was also obtained in the phylogenetic trees generated using the maximum-parsimony and maximumlikelihood algorithms (Figs S3 and S4) . Based on the data from the phylogenetic analyses, S. nassauensis JCM 14905 T (sharing 98.0 % 16S rRNA gene sequence similarity with strain YIM ART06 T ) was selected as a reference strain for DNA-DNA hybridization studies. The mean level of DNA-DNA relatedness between strain YIM ART06 T and S. nassauensis JCM 14905 T was 62.9¡0.0 %, which is below the cut-off point (70 %) used for delineation of genomic species (Stackebrandt & Goebel, 1994) .
The phylogenetic, chemotaxonomic and physiological characteristics of strain YIM ART06 T (Tables 1, 2 and S1, Figs 1 and S1-S4) match those of the genus Stackebrandtia. For example, cells of strain YIM ART06
T are strictly aerobic, filamentous and Gram-stain-positive, contain meso-DAP as the diamino acid in the peptidoglycan, MK-10(H 4 ), MK-10(H 6 ), MK-11(H 4 ) and MK-11(H 6 ) as the major menaquinones, and PE, PME and PG as predominant polar lipids. The primary fatty acids are iso-and anteiso-branched compounds. However, strain YIM ART06
T differs from its closest relative, S. nassauensis JCM 14905 T , in several physiological properties. For instance, S. nassauensis JCM 14905
T grew optimally at up to 37 8C, higher than for YIM ART06
T . Similarly YIM ART06
T grew optimally at pH 8.0, higher than for S. nassauensis JCM 14905
T . The novel strain also differs in the utilization of sole carbon and nitrogen sources and in other biochemical characteristics. In addition, analyses of 16S rRNA gene sequences and DNA-DNA relatedness
Glycomyces lechevalierae NRRL B-16149 T (AY462041)
Glycomyces rutgersensis IMSNU 22074 T (AJ293748)
Glycomyces algeriensis NRRL B-16327 T (AY462044)
Glycomyces endophyticus YIM 56134 T (EU200681)
Glycomyces harbinensis IFO 14487 T (D85483)
Glycomyces artemisiae IXS4 T (JN408755)
Glycomyces mayteni YIM 61331 T (EU814511)

Glycomyces sambucus E71 T (DQ460469)
Glycomyces scopariae YIM 56256 T (EU200682)
Glycomyces tarimensis TRM 45387 T (KC112995)
Glycomyces phytohabitans KLBMP 1483 T (JQ819256) Stackebrandtia cavernae (ca.ver9nae. L. gen. fem. n. cavernae of a cave, referring to the habitat from which the type strain was isolated).
Cells are strictly aerobic and Gram-stain-positive. Growth occurs on R2A agar, ISP2, ISP3, ISP5, T5 and NA media but weakly on Gause's synthetic agar, TSA and ISP4. Forms white-yellow and white substrate mycelia, and white aerial mycelia on the tested media. Growth occurs at 15-35 uC and pH 6-9 with optimum at 28-30 uC and pH 7-8. Cells can tolerate salt concentrations up to 4 % (w/v) NaCl. Positive for catalase and nitrate reduction tests but negative for oxidase, milk peptonization, urease, gelatin liquefaction and H 2 S production tests. Hydrolyses Tween 80 but not cellulose, starch or Tweens 20, 40 and 60. Utilizes L(+)-arabinose, dulcitol, a-lactose, maltose, mannitol, raffinose, starch, sucrose and xylitol as sole carbon sources and alanine, DL-a-aminopropionic ) as the predominant menaquinones, while the polar lipids are DPG, PE, PG, PME, two aminophospholipids, two polar lipids and two phospholipids. Contains meso-DAP, mannose, ribose and xylose in the whole-cell hydrolysates. The major fatty acids (w5 %) are anteiso-C 17 : 0 , iso-C 17 : 0 , iso-C 16 : 0 and iso-C 15 : 0 .
The type strain, YIM ART06 T (5KCTC 39599 T 5CCTCC AA 2015021 T 5DSM 100594 T ), was isolated from a dissoluble rock soil sample collected from palisades of a karst cave, Guizhou Province, south-west China. The DNA G+C content of the type strain is 71 mol%.
